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Acoustic  metamaterials  can  manipulate  sound  waves  in 
surprising  ways,  which  include  collimation,  focusing,  cloak¬ 
ing,  sonic  screening  and  extraordinary  transmission1-14.  Recent 
theories  suggested  that  imaging  below  the  diffraction  limit 
using  passive  elements  can  be  realized  by  acoustic  superlenses 
or  magnifying  hyperlenses15'16.  These  could  markedly  enhance 
the  capabilities  in  underwater  sonar  sensing,  medical  ultra¬ 
sound  imaging  and  non-destructive  materials  testing.  However, 
these  proposed  approaches  suffer  narrow  working  frequency 
bands  and  significant  resonance-induced  loss,  which  hinders 
them  from  successful  experimental  realization.  Here,  we  re¬ 
port  the  experimental  demonstration  of  an  acoustic  hyperlens 
that  magnifies  subwavelength  objects  by  gradually  converting 
evanescent  components  into  propagating  waves.  The  fabri¬ 
cated  acoustic  hyperlens  relies  on  straightforward  cutoff-free 
propagation  and  achieves  deep-subwavelength  resolution  with 
low  loss  over  a  broad  frequency  bandwidth. 

Magnifying  optical  hyperlenses17,18  have  shown  the  ability  to 
overcome  the  diffraction  limit  in  electromagnetic  waves,  imaging 
objects  with  a  resolution  significantly  smaller  than  half  the 
wavelength.  By  using  carefully  engineered  dispersion  surfaces 
obtained  using  metamaterials,  these  hyperlenses  not  only  carry 
the  subwavelength  information  contained  in  evanescent  waves 
across  the  lens,  but  also  magnify  it,  thereby  converting  it  to 
propagating  waves  such  that  the  information  travels  to  the  far 
field  outside  the  lens.  The  first  demonstrated  optical  hyperlenses 
used  two-dimensional  (2D)  metamaterials  consisting  of  deep- 
subwavelength  layers  of  metals  and  dielectrics  alternating  in 
the  radial  directions,  to  constitute  a  largely  negative  effective 
permittivity  along  the  propagation  (radial)  direction,  and  at  the 
same  time  small  effective  permittivity  at  the  transverse  (angular) 
direction17,18.  For  such  anisotropic  material  properties,  the  2D 
dispersion  curves  are  hyperbolic  and  nearly  flat  over  a  wide  range 
of  angular  wavevectors,  indicating  that  high-angular-momentum 
optical  modes  are  supported  as  propagating  waves,  allowing  the 
subwavelength  information  to  propagate  in  the  material.  The 
successful  demonstration  has  motivated  the  search  for  new  forms 
of  magnifying  lens  with  subwavelength  resolution.  These  include 
plasmonic  or  transverse  electromagnetic  modes  propagating  among 
tapered  wires19-21,  sampling  a  subwavelength  image  pixel-by-pixel 
to  create  the  magnified  image  at  the  lens  exit. 

As  the  diffraction  limit  is  intrinsic  to  all  kinds  of  wave 
phenomenon,  conventional  acoustic  imaging  is  also  limited  by  the 
wavelength  of  the  sound  wave.  Therefore,  an  acoustic  superlens 
or  hyperlens,  if  realized,  will  readily  benefit  applications  such  as 
non-destructive  testing  and  medical  imaging.  Recent  studies  have 
shown  that  acoustic  focusing  can  be  achieved  by  using  phononic 
crystal  slabs22-27  and  acoustic  metamaterials28.  To  the  best  of  our 


knowledge,  there  has  been  no  experimental  demonstration  of 
deep-subwavelength  imaging  in  acoustics  using  either  phononic 
crystals  or  metamaterials.  A  recent  theory  of  acoustic  metamaterial 
hyperlenses  has  effectively  used  alternating  layers  of  positive  and 
negative  dynamic  density,  using  locally  resonant  acoustic  elements 
to  achieve  the  negative  density  and  flat  dispersion  curve16.  However, 
the  negative  dynamic  density1,29  can  occur  only  at  a  narrow  band  of 
frequencies  when  these  elements  oscillate  resonantly,  introducing 
excessive  loss  that  is  associated  with  such  a  sharp  resonance. 
This  limits  the  maximum  propagation  distance  and  subsequently 
restricts  the  practically  achievable  magnification. 

Here,  we  propose  and  demonstrate  a  new  type  of  acoustic  hy¬ 
perlens,  using  a  non-resonant  radially  symmetric  layered  structure. 
We  show  experimentally  broadband  low-loss  imaging  with  large 
magnification,  where  the  evanescent-wave  components  associated 
with  the  deep -sub  wavelength  features  are  gradually  converted  into 
propagating  waves  that  travel  to  the  far  field. 

Our  acoustic  hyperlens  consists  of  36  brass  fins  (Fig.  1),  which 
are  3  mm  tall  and  extend  from  2.7  to  21.8  cm  from  the  centre  of 
a  half- cylinder.  Each  fin  occupies  2.5°  in  the  angular  direction, 
with  2.5°  left  as  space  between  adjacent  fins.  The  fabrication  was 
done  by  a  two-axis  computer-numerical-controlled  vertical  mill. 
The  hyperlens  was  milled  off  from  a  0.5-inch-thick  brass  plate, 
resulting  in  the  brass  fins  on  the  remaining  substrate  of  9.7  mm 
in  thickness,  more  than  sufficient  to  prevent  wave  leakage.  A 
0.25-inch-thick  aluminium  plate  covers  the  top  of  the  fins  to 
confine  the  sound  propagation  region  to  two  dimensions.  Holes 
were  drilled  in  the  cover  plate  to  measure  the  sound  at  varying 
distances,  and  the  top  plate  rotates  to  allow  pressure  mapping 
in  the  angular  direction.  Experimental  details  are  provided  in 
the  Supplementary  Methods.  Two  in-phase  1-cm-diameter  sound 
sources  transmitting  at  4.2-7.0kHz  with  separation  of  1.2  cm 
(corresponding  to  X  /  6. S-X /4. 1 )  are  placed  in  front  of  the  inner  edge 
of  the  lens  while  the  pressure  amplitude  and  phase  were  measured 
from  0.4-9. 9  cm  away  from  the  outer  edge  of  the  lens.  The  distance 
of  9.9  cm  corresponds  to  1 .2X  at  4.2  kHz  and  2X  at  7.0  kHz. 

Owing  to  the  large  ratio  between  the  outer  and  the  inner  radii, 
the  hyperlens  compresses  a  significant  portion  of  the  evanescent 
components  into  the  band  of  propagating  waves  such  that  the  image 
is  magnified  eight  times,  the  subwavelength  sources  themselves 
radiating  at  the  lens  outer  edge  as  if  they  are  larger  than  the 
diffraction  limit  for  the  frequency  range  of  interest.  Figure  2a  shows 
the  propagation  of  an  object  consisting  of  the  two  sound  sources 
transmitting  at  6.6  kHz  and  separated  by  0.23A,  at  the  input  plane. 
The  separation  is  converted  to  1.85A.  and  the  sources  are  magnified 
to  be  larger  than  one  wavelength  at  the  hyperlens  exit  such  that  it 
can  also  be  observed  in  the  far  field  as  two  distinct  beams.  A  similar 
magnification  is  observed  for  a  three-source  system  in  which  the 
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Figure  1 1  Acoustic  hyperlens.  The  lens  is  made  of  36  brass  fins  (running  radially  from  a  radius  of  2.7  to  21.8  cm)  in  air  embedded  on  a  brass  substrate, 
spanning  180°  in  the  angular  direction.  The  cover  sheet  has  been  removed  to  expose  the  microstructure  for  this  view. 


Figure  2  |  Experimental  magnifying  imaging  of  a  dual-source  sub-diffraction-limited  object  at  6.6  kHz.  a,  Experimental  pressure  measurements  in  the 
propagation  region.  The  pressure  is  measured  at  various  points  ranging  from  0.4  to  9.9  cm  away  from  the  lens,  b,  3D  simulation  of  the  pressure  field  using 
the  microstructure  including  elastic  fins,  c,  2D  simulation  using  the  effective  medium  description  of  the  lens.  The  experimental  and  numerical  results  show 
the  propagating  nature  of  the  magnified  subwavelength  object.  The  red/blue  colour  indicates  high/low  instantaneous  pressure  values.  Simulation  details 
are  provided  in  the  Supplementary  Methods. 


sources  are  asymmetrically  positioned  in  the  Supplementary  Data 
and  Fig.  SI.  The  results  obtained  from  the  x  8  magnifying  hyperlens 
stand  in  sharp  contrast  to  the  signal  measured  in  the  absence  of  the 
hyperlens  at  the  outer  edge  of  the  lens,  where  the  two  peaks  cannot 
be  resolved  owing  to  the  diffraction  limit  (Fig.  3a).  Figure  2b  shows 
the  three-dimensional  (3D)  simulations  obtained  using  COMSOL 
Multiphysics  3.4  (consisting  of  the  elastic  fins,  substrate,  top  plate 
and  air)  with  the  pressure  field  plotted  at  1.5  mm  from  the  substrate, 
which  agrees  well  with  the  experimental  results.  We  have  also 
carried  out  the  2D  simulation  for  the  same  configuration  using 
properties  from  the  effective  medium  description,  shown  in  Fig.  2c. 
The  good  agreement  between  the  experiment,  the  3D  simulation 
with  microscopic  structures  and  the  2D  simulation  with  effective 
medium  parameters  results  from  the  subwavelength  periodicity  of 
the  hyperlens,  which  even  at  the  outer  radius  (eight  times  larger 
than  at  the  inner  radius)  is  still  around  one  third  of  the  wavelength, 
making  the  effective  medium  approximation  valid. 

To  further  confirm  that  the  lens  has  successfully  con¬ 
verted  evanescent  components  into  propagating  components,  we 

932 


measured  the  amplitude  and  phase  along  one  of  the  two  beams 
exiting  the  hyperlens  (Fig.  3b) .  A  wave  composed  primarily  of  prop¬ 
agating  components  should  decay  approximately  as  1  /r1/2  owing  to 
geometric  spreading  and  have  a  phase  speed  close  to  that  of  air, 
whereas  one  composed  primarily  of  evanescent  waves  should  decay 
exponentially  and  have  nearly  constant  phase.  Our  measurements 
show  a  slow  decay  in  the  amplitude  and  linear  phase  progress 
outside  the  lens,  demonstrating  the  conversion  of  evanescent 
components  into  propagating  waves.  Moreover,  as  our  design  does 
not  involve  any  local  resonance,  it  can  operate  over  a  broadband  of 
frequencies  without  significant  loss.  Figure  4  shows  the  measured 
broadband  response  of  the  hyperlens,  with  the  subwavelength  reso¬ 
lution  (A./6.8-A./4.1)  for  frequencies  varying  from  4.2  to  7.0  kHz. 

The  term  ‘hyperlens’  was  originally  coined  for  an  ideal  indefinite 
medium  with  negative  permittivity  along  one  direction,  resulting 
in  hyperbolic  equi-frequency  contours30.  Although  this  should 
support  unlimited  resolution,  in  reality,  the  performance  of  a 
hyperlens  is  limited  by  the  material’s  properties,  such  as  the  intrinsic 
loss  and  periodicity.  Optical  hyperlenses  require  extreme  values 
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Figure  3  |  Hyperlens  imaging  at  6.6  kHz.  a,  The  magnified  image  at  the  outer  edge  of  the  lens  (red  line)  clearly  maintains  the  k/4.3  resolution,  in  contrast 
to  the  control  experiment  (blue  line),  showing  a  single  peak,  measured  at  the  same  position  under  similar  conditions  but  in  the  absence  of  the  hyperlens, 
b,  Radial  dependence  of  the  pressure  field  (amplitude  in  red  and  phase  in  blue)  along  the  centre  of  one  of  the  two  beams.  The  crosses  and  open  circles 
show  the  measured  data  points  and  the  solid  lines  are  the  simulation  results.  The  phase  advance  and  the  slow  amplitude  decay  clearly  demonstrate  that 
the  originally  evanescent  sound  wave  is  converted  to  a  propagating  one,  while  maintaining  the  subwavelength  features  of  the  object. 


Figure  4  |  The  broadband  performance  of  the  acoustic  hyperlens. 

Experimental  measurement  of  the  pressure  intensity  against  position  and 
frequency,  measured  at  the  outer  edge  of  the  lens.  The  frequency  ranges 
from  4.2-7  kHz,  corresponding  to  a  //6.8-//4.1  resolution.  The  intensity 
profile  at  each  frequency  is  scaled  so  the  two  peaks  can  be  clearly  resolved 
throughout  the  frequency  range. 

for  the  constituents’  properties,  which  in  turn  require  layers  with 
negative  permittivity,  imposing  intrinsic  losses  associated  with 
plasmonic  or  local  resonance.  Acoustic  hyperlenses,  on  the  other 
hand,  are  very  different;  here,  extreme  values  of  effective  density  can 
be  obtained  using  non-resonant  materials.  Namely,  the  propagation 
and  magnification  ratio  can  be  unlimited.  As  no  negative  density  is 
required,  the  equi-frequency  contours  of  such  a  lens  are  elliptic  and 
described  by  equation  (1). 


k2  kj  co2 
Pr  Pe  B 


(1) 


In  equation  (1),  B  is  the  effective  bulk  modulus,  kr  and  ke  are  the 
wavevector  components  along  the  radial  and  angular  directions, 
respectively,  and  pr  and  pe  are  the  effective  densities  along  the 
radial  and  angular  directions,  both  positive;  co  is  the  frequency  of 
the  acoustic  wave.  The  general  derivation  of  this  equation  has  been 
done  previously31.  This  equation  differs  from  the  electromagnetic 
form  owing  to  the  longitudinal  nature  of  acoustic  waves,  as 
opposed  to  transverse  in  electromagnetism.  An  angular  effective 
density  much  larger  than  the  radial  one  results  in  a  nearly  flat 
equi-frequency  contour,  indicating  that  this  metamaterial  allows 
propagation  of  modes  with  high  tangential  momentum  that  carry 
the  sub -diffr  actional  spatial  information  of  the  object. 

In  our  non-resonant  hyperlens  design,  the  extreme  anisotropy 
is  achieved  by  perforating  a  solid  with  a  cross-section  that  linearly 


expands  in  the  radial  direction.  The  subwavelength  spacing  of  the 
perforations  throughout  the  hyperlens  allows  the  use  of  effective 
medium  properties  for  the  bulk  modulus  B,  and  the  densities  pr  and 
pe ,  which  are  assigned  as  follows: 


±  =  L+l=£ 

Pr  P\  Pi 


(2) 


Pe  —f Pi  +  (l  ~f)P2 


l-  =  t  +  lzL 

B  Bx  B2 


(3) 

(4) 


In  these  equations,  /  is  the  volume  filling  ratio  of  the  fins,  px  and 
Bx  are  the  fin  material  density  and  bulk  modulus,  respectively, 
and  p2  and  B2  are  the  filling  fluid  density  and  bulk  modulus, 
respectively.  These  equations  can  be  obtained  using  an  analogy 
between  transverse  magnetic  electromagnetic  waves  and  acoustic 
waves  found  in  the  Supplementary  Discussion.  The  ability  of  the 
fins  to  support  shear  waves  has  been  neglected  in  these  equations 
owing  to  the  large  contrast  in  density  in  the  design  materials. 
It  has  previously  been  shown  that  in  solid-fluid  systems  with  a 
large  density  contrast,  the  influence  of  these  modes  is  negligible32. 
Details  on  the  fin  vibrations  in  our  structure  can  be  found  in  the 
Supplementary  Data  and  Fig.  S2. 

To  achieve  the  strong  anisotropy  required  for  the  flat  dispersion, 
the  constituent  materials  must  also  preserve  a  large  ratio  of  material 
densities.  We  therefore  have  chosen  brass  to  be  the  fin  material,  as 
it  has  a  density  about  7,000  times  that  of  air.  Such  an  extreme  ratio 
between  the  constituents’  properties  cannot  be  achieved  for  optical 
frequencies  without  involving  a  resonance.  The  maximum  permit¬ 
tivity  contrast  available  in  dielectrics  is  about  ten  at  these  frequen¬ 
cies,  and  any  larger  contrast  will  require  the  use  of  a  resonance,  for 
example,  by  incorporating  metals  in  the  structure.  We  calculate  the 
equi-frequency  contour  for  the  brass-air  composite  with  a  filling  ra¬ 
tio  of  0.5  using  both  the  transfer  matrix  method  (blue  line;  see  Sup¬ 
plementary  Discussion)  and  the  effective  medium  approximation 
(green  line;  see  equations  (2)-(4)),  shown  in  Fig.  5.  The  effective 
medium  description  approximates  well  the  actual  dispersion  even 
up  to  a  high  tangential  momentum,  indicating  that  the  hyperlens 
can  indeed  be  treated  as  an  effective  medium  metamaterial.  For 
comparison,  we  plot  the  dispersion  curve  of  a  hyperlens  with  a  neg¬ 
ative  effective  density  in  the  angular  direction,  but  with  similar  mag¬ 
nitude.  As  long  as  the  dispersion  is  flat  for  a  large  range  of  wavevec- 
tors,  both  hyperbolic  and  elliptical  dispersion  work  equivalently 
well.  By  using  elliptical  instead  of  hyperbolic  dispersion,  we  avoid 
the  use  of  resonating  elements  in  constructing  the  metamaterial. 
Within  the  effective  medium  description,  the  angular  momentum 
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Figure  5  |  Hyperlens  equi-frequency  contour.  The  hyperlens  equi- 
frequency  contour  calculated  using  the  transfer  matrix  method  on  the 
actual  microstructure  is  shown  in  blue.  The  green  line  shows  the  elliptical 
equi-frequency  contour  using  the  effective  medium  approximation  in  place 
of  stacking  alternating  layers  of  air  and  brass.  These  agree  well  over  a  large 
range  of  angular  wavevectors,  supporting  the  use  of  the  effective  medium 
theory.  The  red  curve  shows  the  hyperbolic  equi-frequency  contour  of  a 
hyperlens  with  material  properties  the  same  magnitude  as  the  green 
effective  medium  curve,  but  negative  effective  density  in  the  angular 
direction.  The  large  flat  region  in  all  of  the  equi-frequency  contours 
demonstrated  that  both  hyperbolic  and  elliptical  dispersions  can  be  used  to 
construct  a  hyperlens.  For  the  green  and  blue  curves,  the  filling  ratio 
f  =  0.5,  the  lattice  constant  is  2  mm  and  the  working  frequency  is  6.6  kHz. 

of  the  sound  wave  propagating  along  the  radial  direction  is 
conserved  owing  to  the  cylindrical  symmetry.  Hence,  the  linear  tan¬ 
gential  momentum  is  compressed  during  the  outward  propagation, 
thereby  magnifying  the  sub  wavelength  details  of  the  object17. 

The  absence  of  local  acoustic  resonances  allows  in  principle 
very  large  propagation  distances  and  hence  very  large  magnification 
ratios,  as  long  as  the  microstructure  periodicity  remains  in  the 
effective  medium  approximation.  This  is  in  contrast  to  optical 
hyperlenses,  where  the  magnification  is  limited  by  the  loss 
associated  with  plasmonic  resonance.  Although  the  increase  of  the 
period  length  may  impose  a  limit  on  the  magnification  ratio,  this 
limitation  can  be  overcome  by  cascading  extra  hyperlens  layers, 
consisting  of  a  larger  number  of  fins  with  the  same  filling  ratio  of 
brass,  maintaining  the  sub  wavelength  periodicity  along  the  lens  (see 
Supplementary  Fig.  S3). 

As  the  velocity  fields  of  the  acoustic  waves  are  polarized  only 
along  the  propagation  directions,  a  3D  hyperlens  can  be  constructed 
by  perforating  a  hemisphere  solid  with  tapered  holes  in  the  radial 
direction.  Such  a  configuration  is  not  subject  to  the  complications 
arising  from  the  polarization- dependent  plasmonic  confinement 
in  optical  hyperlenses,  and  hence  allows  the  magnification  of 
sub  wavelength  features  in  all  directions.  Such  a  high-magnification- 
ratio  acoustic  hyperlens,  with  the  ability  to  break  the  diffraction 
limit,  can  find  important  applications  in  high- resolution  ultrasonic 
medical  imaging  and  underwater  sonar. 
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